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sons of 0.42 w m-2 
creases in the next few decades of 0.31 W m-2. 
A background tropospheric chemistry model that is coupled to the general circulation model 
ECHAM4 is used to calculate tropospheric ozone with preindustrial, present-day and future 
(IS92a) emission scenarios as boundary conditions. The model calculates separate contributions 
to tropospheric ozone levels from stratosphere-troposphere exchange (STE) and from photo- 
chemical production in the troposphere. In the preindustrial atmosphere, the simulated annual 
tropospheric ozone content is 190 Tg 03» of which about l 10 Tg 03 originates from the strato- 
sphere. In the present-day simulation the ozone content is about 80 Tg 03 larger, mainly due to 
O3 precursor emissions from industrial processes in the NH and from biomass burning in trop- 
ical regions. In the next few decades, industrial growth is expected to occur mainly at NH (sub) 
tropical latitudes, leading to an additional increase of the tropospheric ozone budget by 60 Tg 
03- We calculate a global and annual average radiative forcing by tropospheric ozone perturba- 
for the present-day simulation, and an additional forcing due to ozone in- 
The model results indicate that the amount of 





Tropospheric O3 derives from two sources: downward cross-tropopause transport of 
relatively ozone-rich air and photochemical formation in the troposphere due to emissions 
of O3 precursors. 
Cross-tropopause transport, or stratosphere-troposhere exchange (STE), of O3 is 
the main natural source of tropospheric 03° The important exchange mechanisms are 
tropopause foldings associated with large-scale cyclogenesis, cut-off lows, and quasi- 
adiabatic transports along isentropic surfaces (Danielsen, 1968, Vaughan, 1988, Holton et 
al., 1995). The budgets of the annual and global cross-tropopause transport of O3 are 
highly uncertain. Based on correlations between N20 and O37 potential vorticity (PV) and 
039 and 90Sr and 03) ozone fluxes have been calculated ranging from 200 to 870 Tg O yr" 
globally (Murphy and Fahey, 1994), and 500 Tg O3 yr" for the northern hemisphere 
(Danielsen and Mohr en, 1977). Ebel et al. (1993) used a regional model to assess the 
cross-tropopause transport of O3 for a combined tropopause folding and cut-off cyclone 
event, and extrapolated an O3 flux of 770-960 Tg yr' for the northern hemisphere. General 
circulation model (GCM) calculations yield cross-tropopause O3 fluxes between 475 and 
650 Tg O, yr-l (Mahlman et al., 1980, Gidel and Shapiro, 1980, Levy et al., 1985). For the 
contemporary atmosphere, our model simulates a downward flux of O_1 from the 
stratosphere into the troposphere of about 930 Tg O3 y1"7 and an upward flux of 
photochemically produced O3 from the troposphere to the stratosphere of about 470 Tg O3 
yr", resulting in a net flux of 460 Tg O y1__I into the troposphere. 
Ozone is continuously produced and destroyed by the following reactions that 
involve NO (e.g., Crutzen and Zimmermann, 1991): 
NO + h v  - > N O + O  (l<405 nm) 2 
3 
(1) 
O + O  2 ->O 3 (2) 
and 
N O + O  3 -> NO2 + O2- (3) 
Generally, this 03 production and destruction cycle is in equilibrium and does not alter the 
concentration of 03' However, NO can be transformed into NOT without consuming 03 
through: 
NO+H()  2 NO + O H  2 (4) 
2 NO + RO NO2+ RO (5) 
Then, reacions (1) and (2) will result in a net production of 03- The peroxy radical H02 and 
organic proxy radical RO2 are produced by reaction of the hydroxyl radical OH with 
2 
methane (CHO), carbon monoxide (CO), or non-methane hydrocarbons (NMHC), and may 
be regarded as the "fuel" for O3 production. NOX on the other hand acts as a catalyst. 
Generally, O3 production increases with increasing NOx concentrations, and production 
dominates destruction when the NO to O3 concentration ratio is larger than 2.5>< 
(corresponding to 5 to 10 pptv NO near the earth's surface). Reactions (4) and (5) denote 
the net 03 production. Net O3 destruction takes place through the reactions: 
0 + / m v  0 + o ( I D l l A < 3 1 5 n m l  2 
10 
(621) 
ol'D) + H o 2oH 2 (6b) 
O + O H  3 -> HC) _ + O  7 2 (7) 
0 - I - H O  3 2 -> 
3 
OH + 202 
NOX, CO, CH4, and NMHC are emitted into the atmosphere by natural sources, 
e.g., as a result of lightning or by soils, vegetation, animals or the oceans. However, 
anthropogenic activities such as fossil fuel and biomass combustion also release 03 
precursors to the atmosphere, causing additional photochemical production of O2 in the 
troposphere (WMO, 1992). Analysis of measurement data from the second half of the last 
century reveals that typical O3 mixing ratios in Europe at the surface generally were 
between 10 and 15 parts per billion by volume ( p p b )  (Volz and Kley, 1988, Marenco et 
al., 1994). At present, surface 03 mixing ratios over Europe are, on average, between 20 
and 50 ppb (e.g., Oltmans and Levy, 1994). This indicates that anthropogenic activities 
have increased boundary layer O levels by more than a factor of two, at least in Europe. 
Comparison between historical and contemporary measurements, carried out over the Alps 
(representative of continental background conditions), indicates an increase of about 20 
ppbv up to about 4 km altitude (Staehelin et al., 1994). 
An accurate assessment of the anthropogenic tropospheric O3 increase, however, 
can not be derived from available measurements, because their global and temporal 
coverage is not adequate to capture the spatial and temporal variability of tropospheric 03- 
Simulations with numerical chemistry/transport models provide a means to study these 03 
variabilities, while comparison of simulations that consider preindustrial and contemporary 
emission scenarios provides insight in the anthropogenic influence on the tropospheric 03 
distribution. Previously, 3D modelling studies of the changing tropospheric 03 
distributions have been carried out by, e.g., Crutzen and Zimmermann (1991), Lelieveld 
and Van Dorland (1995), Levy et al. (1997), Roelofs et al. (l997a), Berntsen et al. (1997), 
and with 2D models by, e.g., Hough and Der vent (1990) and Hauglustaine et al. (1994). 
(8) 
3 
Model results suggest that 03 levels in the troposphere have increased by 20% to 100%, 
dependent on location and season, compared to the preindustrial era. 
Tropospheric 03 acts as a greenhouse gas, and the longwave radiation forcing of 
climate by increasing O3 is particularly efficient if the increases occur in the upper 
troposphere (Ramanathan et al., 1987, Lacis et al., 1990). In addition, 01 absorbs solar 
shortwave radiation. Radiative transfer calculations using o, distributions from 2D or 3D 
models as input, yield forcing estimates between 0.28 and 0.55 W m-2. Although the 
calculated range is relatively large, it is apparent that the climate forcing due to increased 
tropospheric O3 mixing ratios contributes significantly to the enhanced greenhouse effect, 
and appears to be of the same order of magnitude as, but opposite to, the direct forcing by 
tropospheric aerosols (IPCC, I995). 
In this work, we use a 3D chemistry-climate model to study three 'types' of 
tropospheric O3° characterized by source: 03 from stratospheric origin, photochemically 
produced 03 from natural emissions, and photochemically produced O3 from anthropogenic 
emissions. Three simulations, with preindustrial, present-day and future emission 
scenarios as boundary conditions, are performed. We will briefly discuss the influence of 
cross-tropopause transports on tropospheric O1 levels, and the anthropogenic O3 
perturbation and radiative forcing calculated from the preindustrial and present-day 
simulations. These topics are presented in detail in Roelofs and Lelieveld (l997) and 
Roelofs et al. (l997a), respectively. The results of the radiative forcing calculations are 
compared to other model estimates.We extend the calculations with a simulation of future 
tropospheric OF distributions based on the IPCC emission scenario IS92a (IPCC,l992) and 
the associated radiative forcing. We will also discuss changing surface O3 concentrations at 
selected locations. We remark that distributions of the anthropogenic contribution to 
tropospheric 03 have been derived from the simulations presented here, and are used as 
input for transient climate change simulations with the coupled atmosphere-ocean general 
circulation model OPYC-ECHAM4 (Roeckner et al., 1998) 
2. Model description 
The GCM used in this study is the 19 layer European Center Hamburg Model, version 4 
(ECHAM4). The horizontal resolution is approximately 3.75o x 3.75o (T30) and the time 
resolution is 1800 seconds. The model uses 19 vertical layers in a hybrid o-p- coordinate 
system, from the surface to 10 hPa. An elaborate description of ECHAM and the simulated 
climate can be found in, et., Roeckner et al. (1996) and Chen and Roeckner (1996). 
We have coupled ECHAM to a tropospheric chemistry model that considers 
background CH4-CO-NOx-HOx chemistry, emissions of NO and CO, dry deposition of 037 
4 
NO2, HNO3 and H2O2, and wet deposition of HNO3 and HQO2' The chemistry mode] is 
described in detail in Roelofs and Lelieveld (1995, 1997). The parameterization for the dry 
deposition of O37 NOx, and HNO3 is described in Ganzeveld and Lelieveld (1995). It 
derives aerodynamic and stomatal resistances directly from parameters calculated by 
ECHAM4. Stratospheric 03 concentrations are prescribed from l to 2 model layers above 
the tropopause up to 10 hPa, the top level of the GCM, using monthly averaged 03 
concentrations calculated by a 2D stratosphere model. Transports of 03 across the 
tropopause depend directly on the air motions simulated by the GCM. The simulated 
tropopause is marked by a potential vorticity value of 3.5 10-6 K ma kg" 3-1 poleward of 20 o 
latitude, and by a -2 K km temperature lapse rate equatorward of 20 o latitude. Surface 
CHO concentrations are prescribed. 
In the present-day simulation, the global NO source consists of fossil fuel 
emissions (21 Tg N yr"), soil emissions (5.5), biomass burning emissions (6), and 
lightning emissions (5 Tg N yr ). The CO source consists of emissions from energy use 
(450 Tg CO yr"), biomass burning (700), vegetation (100), formation from natural (280) 
and anthropogenic (300) higher hydrocarbons, oceans (40) and wildfires (30). For detailed 
information on the emission distributions we refer to Roelofs et al. (l997a). The total NO 
and CO emissions considered in the present-day simulation are 37.5 Tg N yr" and 1900 Tg 
CO yr", consistent with IPCC (1995). Analysis and validation of the model data shows 
that the model realistically represents the seasonal variability of the 03 photochemical 
production and of 03 transport from the stratosphere. The model successfully reproduces 
surface 03 concentration patterns measured in remote and relatively clean conditions, but 
appears to underestimate 03 concentrations in polluted regions due to the neglect of higher 
hydrocarbon chemistry. For a detailed validation and discussion of the simulated 
contemporary distributions of tropospheric 03 we refer to, e.g., Roelofs and Lelieveld 
(1997) and Roelofs et al. (1997b). 
In the preindustrial simulation, anthropogenic NO and CO emissions are omitted 
from the simulation. We assume that preindustrial biomass burning emissions are 25% of 
the contemporary source, while CHO surface concentrations are prescribed of 850 and 820 
ppm in the NH and SH, respectively (Lelieveld and Van Dorland, 1995). Total NO and 
C() emissions in the pre-industrial emission scenario are 12 Tg N yr" and 590 Tg CO yr 
(IPCC, 1992). Future anthropogenic emission distributions are interpolated following 
IPCC scenario IS92a (IPCC, 1992) to yield a total NO emission of 58.5 Tg N yr" and a 
CO emission of 2605 Tg CO yr" for the year 2025. According to IS92a, NOx emissions 
increase by about 300% in south and south-east Asia (in absolute terms this is the largest 
increase), and by about 500% in Africa and South America, whereas they decrease by 
x 
5 
approximately 5% in North America and Europe. A CH4 surface concentration is 
prescribed of 2600 and 2450 ppm in the NH and SH, respectively (Van Dorland et al., 
1997) 
Apart from O37 the chemical model considers a tracer for 03 that originates from the 
stratosphere, referred to as O3s. O1s is transported from the stratosphere into the 
troposphere along with the calculated air motions. In the troposphere, O3s is subject to 
photochemical destruction and dry deposition, but it is not produced. The difference 
between the concentrations of 03 and O3s is a measure for O3 that originates from 
photochemistry in the troposphere, referred to as O3t. The modeled O3, O3s and O3t fields 
from the three simulations are used to calculate budgets of chemistry and of transports 
within the troposphere and between the stratosphere and the troposphere, and to estimate 
the impact of anthropogenic emissions on tropospheric 03 levels. We note that the default 
ECHAM climatology for O37 CON and aerosols is used as input for the radiation scheme of 
the climate model. Consequently, the three simulations consider the same meteorology. 
Therefore, 03 distributions are not subject to different transport patterns and cloud 
characteristics, so that differences in 03 concentrations can be attributed directly to the 
different emission scenarios. On the other hand, the distributions are used as input for the 
photochemical reaction rate calculations, resulting in a small feedback on the chemistry 
calculations. The decrease of lower stratospheric O3 concentrations by anthropogenic CFC 
emissions, which may affect stratosphere-troposphere exchange of 03 significantly, has not 
been considered in the simulations since we focus on the tropospheric photochemical O3 
component. 
Radiative forcings are calculated off-line with the ECHAM4 radiation scheme, 
which is an extended version of the Morcrette radiative transfer model (Morcrette, 1991 , 
Van Dorland et al., 1997). Monthly averaged distributions of the tropopause height, ozone, 
specific humidity, temperature, cloud cover and liquid water content, calculated by the 
chemistry-climate model, serve as input for the radiative transfer calculations. The radiative 
forcing is calculated using the fixed dynamical heating (FDH) concept is used. Following 
this approach, stratospheric temperatures are adjusted to changes in the heating rates 
because of their relatively fast recovery, in the order of a few months, from an imbalance 
after a radiative perturbation. The FDH forcing is the change in net total radiation at the 
tropopause after the adjustment of stratospheric temperatures (e.g., Ramanathan et al., 
1987, WMO, 1992). Application of FDH generally decreases the forcing in the LW region 
by 20-25%, while that in the SW region remains relatively unaffected (Forster et al., 1996, 
Berntsen et al., 1997). 
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3. Tropospheric O 
3 
3 
3.1 Simulated budgets of O in the troposphere 
Table 1 shows tropospheric source and sink terms for Of, and the tropospheric burdens of 
O3 from stratospheric origin (O3s), 03 from photochemical formation in the troposphere 
(it), and total 03 for the preindustrial, present-day and future simulations. The results are 
averaged over simulation times of two years. 
As a result of the emission of O3 precursors by anthropogenic activities, the 
photochemical O1 production calculated in the preindustrial, present-day and future 
simulations shows a strong increase. The photochemical destruction increases as well, but 
to a smaller extent. Whereas in the preindustrial simulation a net destruction of 03 in the 
troposphere is calculated, in the present-day and future simulations net production of OF is 
found. We find that the tropospheric O3 content increases by about 40% in the present-day 
and 75% in the future simulation compared to the preindustrial simulation as a result of 
increased O3 production. Dry deposition of O3 increases accordingly. 
The net cross-tropopause transport of O3 is the residual of downward transports of 
O s  and upward transports of O3"t. The downward 03s transports increase somewhat from 
the preindustrial to the future simulation. Upward cross-tropopause transports also carry 
relatively small amounts of O3 precursors emitted at the surface (CO, NOX) into the 
stratosphere, leading to photochemical production of O3 in the model lower stratosphere 
where O3 is not prescribed. When this 03 is transported from the stratosphere to the 
troposphere, it is treated as Obs. (Roelofs and Lelieveld, 1997). On the other hand, the 
chemical lifetime of tropospheric O37 and therefore of Obs, decreases slightly from the pre- 
industrial to the future simulation due to the larger chemical destruction rate. The net effect 
is that the tropospheric Obs burden is about the same in the three simulations. 
We simulate an increase of the upward cross-tropopause transports of O t  between 
the preindustrial and the future simulation as well, which is associated with the increase in 
O3t. This increase exceeds the increase of downward O35 transports by far, so that the net 
downward cross-tropopause flux of O3 decreases from the preindustrial to the future 
simulation. Note that the simulations consider the same meteorology, so the changes in 
cross-tropopause transports are caused by changes in photochemical 03 production only. In 
reality, however, dynamical factors influencing cross-tropopause transport mechanisms, 
e.g., the intensity and frequency of synoptic scale disturbances, may change over the 
centuries and change cross-tropopause transports in a dynamical way. It should be 
emphasized that the actual contribution of stratospheric O3 to the tropospheric 03 budget is 
determined by the net transport of O3s (Table 1), which is equivalent to the extratopical 
7 
downward transport of stratospheric 03 across the 100 hPa level (Holton and Lelieveld, 
1996) 
3.2 Simulated distributions of O., in the troposphere 
Figure 1 shows zonally and monthly averaged tropospheric columns (Dobson units, DU) 
of O3 from stratospheric origin, Obs. In NH middle and high latitudes, O3s displays a 
distinct maximum in March/April (16-20 DU) and a minimum in the autumn (< 14 DU), 
which reflects the seasonality of downward cross-tropopause transports of OH- In the SH, 
O3s maximizes in August. O3s columns are below 6 DU throughout the year in the tropics, 
where downward 03 transport is insignificant and O3s is predominantly advected from 
higher latitudes. The area of low O3s shifts from south of the equator in NH winter to north 
of the equator in summer/autumn, following the movement of the Interhemispheric Tropical 
Convergence Zone (ITCZ). We note that the distributions of O s  are about the same in the 
three simulations as was already indicated by the similar O3s budgets (Table 1). 
The difference between of Ogs and total 03 is representative of photochemically 
produced O3 (O3t). Figures Za, b and c present the monthly varying zonally averaged Out 
columns due to preindustrial emissions, due to contemporary anthropogenic emissions, and 
due to the increase of anthropogenic emissions between the present and 2025, respectively. 
Preindustrial O t  columns maximize in the tropics (~10 DU) and are mainly associated with 
NOx from lightning which forms an important natural source for upper tropospheric O 
(Lin et al., 1988, Kraus et al., 1996; Levy et al., 1996). A few DU are added in the SH dry 
season (September, October, November) between the equator and 20oS, associated with 
preindustrial biomass burning emissions in the model. O3 precursors emitted from soils add 
to the photochemical O3 production. A distinct seasonality is simulated over the NH higher 
latitudes, where enhanced O t  columns in the summer are related to the seasonality of NOX 
emissions from soils and from lightning. In the SH middle and high latitudes, where land 
masses are absent, the seasonality is much less pronounced. 
Figure 2b shows the contemporary anthropogenic contribution to tropospheric O3- 
This maximizes with more than 12 DU around May at low to middle latitudes, which 
contrasts with the preindustrial simulation where O t  is found to peak in August. The 
difference is partly associated with the build-up of anthropogenic O3 precursors during 
winter in higher latitudes (Penkett and Brice, 1986). When spring begins and insulation 
increases again, sufficient O3 precursors are available to cause significant photochemical 
production of Os- Also, the photochemical 03 production over polluted continents is 
already efficient in spring. Additionally, 03 lifetimes in spring are still relatively long 




transported over relatively large distances. In the SH, an anthropogenic O3 maximum 
resulting from emissions from biomass burning activities occurs between 20 S and the 
equator during austral spring, the dry season. 
Finally, Figure 2c shows the simulated tropospheric 03 increase between the 
present and 2025. Since the absolute growth of anthropogenic emissions between the 
present and 2025 is expected to maximize in south and south-east Asia, 03 increases are 
largest in the NH sub~tropical region, with a maximum of about 12 DU in summer. The O 
column increase in NH high latitudes does not display a significant seasonality and is 
relatively small. In the SH, biomass burning emissions are expected to increase relatively 
little but in SH middle and higher latitudes the additional 03 column increase is of the same 
magnitude as that at present. 
3.3 Changes in surface 03 
Figure 3 shows the seasonality of monthly averaged surface 03 concentrations from the 
contemporary, the preindustrial and the future simulations for three locations. Calculated 
contributions to surface O2 levels from cross-tropopause O2 transports (Obs) and from 
photochemical formation in the troposphere (O2t) are also shown. Squares represent 
contemporary observations of monthly averaged surface 03 mixing ratios, taken from 
Oltmans and Levy (1994) and from the World Ozone Data Centre (WODC). The calculated 
data relate to the surface layer, except for Mauna Loa where the model layer closest to the 
height of the measurement site is chosen. 
At Mace Head and Mauna Loa, OF from stratospheric origin contributes 
significantly to surface O'g levels throughout the year, except in summer when STE 
minimizes. At all locations, the seasonality of surface O3s is similar in the three 
simulations, consistent with the O3s budget (Table l).  
Mace Head is a remote and relatively clean marine location in the NH middle 
latitudes. In the present-day simulation, photochemically produced OF amounts are 
relatively high in spring compared to summer. Due to longer O3 lifetimes in spring than in 
summer, it can be transported further away from the polluted continent. Combined with 
relatively strong STE of O1 in winter and early spring, a typical spring 03 maximum 
occurs. Pre-industrial OF levels at Mace Head maximize in winter and early spring. Because 
of the lower photochemical O3 production efficiency, this seasonality is associated with the 
seasonality of STE. Emission increases in the next decades are expected to be relatively 
small in the NH middle latitudes, which is reflected in a relatively small increase of O3 
levels at Mace Head from the present to 2025. 
9 
At Mauna Loa which is representative of relatively clean NH sub-tropical 
conditions, present-day surface OF levels exceed pre-industrial values. Apparently, 
significant amounts of contemporary O3 and OF precursors are transported over the ocean 
from the polluted continents. The anthropogenic emissions are expected to increase 
considerably the next few decades in (sub-)tropical regions. As a result, the future 
simulation indicates a significant increase of 03 at Mauna Loa, which is larger than than 
predicted at Mace Head. 
Trivandrum is located at the coast of India. In tropical locations, the influence at the 
surface of 03 from stratospheric origin is only small, and surface 03 concentrations are 
determined mainly by photochemical production and destruction. The model simulates a 
considerable increase between the preindustrial era and the present, mainly between 
October and May when the ITCZ is located south of Trivandrum and the influence of 
continental air is strong. During the rest of the year the ITCZ is located north of 
Trivandrum, the summer monsoon, so that southerly winds carry relatively clean air from 
the Indian Ocean to the region. The combination of the rapid growth of anthropogenic 
emissions expected in the next few decades for this region (for NO of the order of 3()0%) 
and the relatively large insulation in the tropics, is likely to cause an additional large 
increase of surface O3 concentrations as indicated by the future simulation. 
4. Radiative forcing due to anthropogenically perturbed tropospheric 03 
Table 2 lists the yearly averaged 03 column perturbations and the resulting shortwave, 
longwave, and total radiative forcings for four latitude bands and the globe. The total 
radiative forcing by tropospheric O3 maximizes in the tropics, predominantly through the 
longwave radiative forcing. This maximizes in the upper troposphere and near the 
tropopause (Lapis et al., 1990). Due to the high tropopause height and the relatively low 
tropopause temperature, the longwave radiative effect by enhanced tropospheric 
greenhouse gas concentrations is particularly strong in the tropics. The shortwave 
component, on the other hand, maximizes in NH middle and high latitudes. This may be 
attributed to the presence of low clouds that reflect the incoming solar* radiation and thus 
increase the path length for 03 absorption. Note that the present-day forcing is influenced 
significantly by 03 from biomass burning activities in central Africa and South America 
between 20oS and the equator, whereas the forcing calculated for the period between now 
and 2025 is influenced mainly by the increase of industrial 03 precursor emissions in south 
and south-east Asia, i.e., at NH subtropical latitudes. At NH middle and high latitudes, the 
future forcing is about 50% lower than the contemporary. We calculate a present day 
forcing of 0.42 W m (0.50 W m - in the NH and 0.34 W m the SH) with an overall in 
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uncertainty of about 0. 15 W m (Roelofs et al., l 997a). The additional forcing for the 
period between now and 2025 is estimated to be 0.31 W m-2 (0.35 W m in the NH and 
0.27 w m-2 in the sH). 
Figure 4 shows the latitudinal and seasonal distribution of the total radiative forcing 
for the present-day (Fig. 4a, corresponding with the 03 column perturbation presented in 
Fig. 2b) and between the present-day and 2025 (Fig. 4b, corresponding with the 03 
column perturbation presented in Fig. 2c). The present-day radiative forcing maximizes 
during NH summer and is most intense around 25oN. Note that at NH high latitudes the 
maximum forcing occurs in summer when the insulation is strongest and daytime is longest 
(shortwave effect) and the surface temperature at maximum (longwave effect), whereas the 
03 perturbation maximizes in spring (Fig. 2b). In the SH, the forcing maximizes in the 
austral spring between 20 S and the equator, associated with biomass burning activities 
during the dry season. For the period between the present and 2025 (Fig. 4b), the 
tropospheric 03 forcing also maximizes in summer, but its magnitude is about half the 
contemporary value. During the dry season (NH: MAM, SH: SON), the radiative forcing 
calculated for the tropics is also smaller since the expected growth of biomass burning 
emissions in the next decades is relatively small. 
Figure 5 shows the geographical distribution of the globally and annually averaged 
radiative forcing. In the present-day simulation (Fig. Sa), the forcing maximizes in a band 
from central Africa to south Asia. The forcing is also relatively strong over central America. 
Generally, the forcing maximizes south of the equator during NH winter and north of the 
equator during NH summer (Figure 7 in Roelofs et al., 1997a). The annually averaged 
forcing is between 0.4-0.8 W m in the tropics, whereas during the SH dry season, 
between September and November (not shown), the monthly averaged forcing is between 
0.8 and 1.0 W m-2 over the tropical Atlantic Ocean and exceeds 1.0 W m-2 over central 
Africa and South America. This is of the same order as the estimated forcing of 0.5-1 .0 W 
m-2, derived from tropical ozone profiles by Portmann et al. (1997). The band of relatively 
high forcing (> 0.6 W m ) over the Atlantic Ocean south of the equator derives from 
biomass burning emissions. Measurements (e.g., Thompson et al, 1996) and model 
simulations (Roelofs et al., 1997b) show that 03 and O3 precursors from biomass burning 
emissions are transported efficiently from the continents to the equatorial Atlantic Ocean 
free troposphere where 03 lifetimes are relatively long and additional 03 production appears 
to take place. A relatively low forcing of about 0.3 W m-2 is calculated over the tropical 
western Pacific. Here, NOx concentrations are low and water v a p o r  concentrations and the 
insulation are high, so that 03 is destroyed efficiently through reaction (6). Figure 5b 
l l 
shows that the radiative forcing predicted for the period between now and 2025 maximizes 
in the NH (sub-)tropical latitudes with a magnitude between 0.4 and 0.8 W m-2. 
Table 3 lists estimates for the radiative forcing by tropospheric 03 from recent 
studies, including this. Fishman et al. (1979) based their estimate on the observed 
hemispheric asymmetry in tropospheric 03. This does not account for a possible 
anthropogenic perturbation in the SH and may therefore be a lower estimate. Marenco et al. 
(1994) based their estimate on historical surface OF observations and aircraft observations 
of contemporary ozone profiles. They assumed preindustrial tropospheric O3 
concentrations to be 10 ppbv. Model simulations indicate that preindustrial ozone levels are 
generally larger, and their forcing estimate is probably too high. The remaining global 
forcing estimates are based on 2D or 3D numerical models. They range between 0.28 and 
0.55 W m-2 and average at 0.39 W m-2. Differences between estimates may be attributed to 
the dimensionality of the chemistry models (large scale photochemical OF production tends 
to be larger in 2-D than in 3-D models) and their complexity, differences between the 
distributions of and changes in 03 precursor emissions, differences between radiative 
transfer models, and whether or not the concept of FDH is applied. More detailed analysis 
of the different estimates of radiative forcing by 03 shows that the SW contribution to the 
forcing is particularly susceptible to differences in the treatment of cloud distribution 
characteristics in the model. As a result, the SW cloud effect varies between 30 and 250% 
is different studies (Roelofs, 1998). The estimated radiative forcing by increased 
tropospheric ozone appears to be of the same magnitude (but of opposite sign) than that by 
the direct forcing by tropospheric aerosols, and therefore contributes significantly to the 
enhanced greenhouse effected of about 2.45 W m-2 (IPCC, 1996). 
7. Conclusions 
We have presented a comparison of preindustrial, contemporary, and future tropospheric 
chemistry simulations, which have been carried out with the coupled chemistry-GCM 
ECHAM. The background (preindustrial) tropospheric O3 content consists of 03 from 
stratospheric origin and from photochemical production due to emissions from lightning 
and soils. The seasonality of preindustrial tropospheric 03 is strongly influenced by 
downward cross-tropopause 01 transports. For the present-day, the simulation results 
show that 03 mixing ratios are significantly affected by anthropogenic activities throughout 
the troposphere. Largest tropospheric 03 increases occur in the NH during spring and 
summer, when photochemical activity is relatively efficient, thereby shifting the zonally 
averaged 03 maximum from winter to spring. In the summer, convection efficiently 
transports 03 and OF precursors to the upper troposphere, where trace gas lifetimes are 
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relatively long and trace gases can be transported over large distances. Significant amounts 
of anthropogenically derived O3 are found in SH middle and high latitudes, mainly as a 
result of anthropogenic biomass burning emissions in the SH subtropical regions. For the 
period between now and 2025, tropospheric 03 concentrations are expected to increase 
predominantly at NH (sub-)tropical latitudes. We calculate that the globally and yearly 
averaged radiative forcing of climate is 0.42 W m , i.e., 0.34 W m-2 in the SH and 0.50 W 
m in the NH, for the present-day anthropogenic perturbation of tropospheric O3= and 0.31 
W m-2, i.e., 0.27 W m in the SH and 0.35 W m in the NH, for the expected 
anthropogenic perturbation of tropospheric 03 from the present-day to 2025. It must be 
noted that higher hydrocarbon chemistry is not yet considered in the model. The chemistry 
of higher hydrocarbons may further enhance 03 production locally over polluted regions, 
while transport of PAN may act as a source for NOx in remote locations and contribute to 
03 formation. Future development of the model will include descriptions of these 
processes. 
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Tables 
Table 1: Calculated burden (To OF ) and budgets (To OF yr-l) of OF in the troposphere. 
preindustrial presentday future 
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Table 2: Annual average tropospheric 03 column perturbations (DU) and shortwave, 
longwave and total radiative forcing (W m ) .  
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Table 3: Estimates of the radiative forcing due to anthropogenically perturbed tropospheric 
03 levels between the preindustrial era and the present. 
Radiative forcing (W m") 
NH SH global 
Fishman et al. (1979) 
Marenco et al. (1994) 
Hauglustaine et al. (1994) 
Lelieveld and van Dorland (1995) 
Chalita et al. (1996) 
Forster et al. (1996) a 
Van Dorland et al. (1997) 
Berntsen et al. (1997) b 




















0.51 0.32 0.42 
' Forster et al. (l996) used O, pel'tLlrhations from two :ZD models. 
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Flgure 1: Monthly variation of zonally averaged tropospheric columns (DU) of OF 
onginatlng from the stratosphere. 
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Figure 2: Monthly variation of zonally averaged tropospheric columns (DU) of O3 from 
photochemical production (a) in the preindustrial atmosphere, (h) due to anthropogenic 
activities in the present-day atmosphere, and (c) due to the increase of anthropogenic 
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Figure 3: Simulated monthly varying surface concentrations (ppbv) for total 03 (solid line), 
03s (dashed line), and O3t (dashed-dotted line) at Mace Head (top), Mauna Loa (middle) 
and Trivandrum (bottom). Measurements (squares) have been obtained from Oltmans and 
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Figure 4: Zonally averaged total radiative forcing (W m )  by tropospheric OF perturbations 
(a) due to anthropogenic activities in the present-day atmosphere, and (b) due to the 
increase of anthropogenic activities between the present and 2025. Shown are annual (solid 
line) and seasonal averages (December to February: dotted line, March to May: dashed line, 
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Figure 5: Annually averaged distribution of the total radiative forcing (W m )  by 
tropospheric O3 perturbations due to anthropogenic activities in the present-day atmosphere 
(top panel), and due to the increase of anthropogenic activities between the present and 
2025 (bottom panel). 
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